.-Increased ambient particulate matter (PM) is associated with adverse cardiovascular and respiratory outcomes, as demonstrated by epidemiology studies. Several studies have investigated the role of copollutants, such as ozone (O 3), in this association. It is accepted that physiological adaptation involving the respiratory system occurs with repeated exposures to O 3. We hypothesize that adaptation to PM and O3 varies among different inbred mouse strains, and cardiopulmonary adaptation to O 3 is a synchronized response between the cardiac and respiratory systems. Heart rate (HR), HR variability (HRV), and the magnitude and pattern of breathing were simultaneously measured by implanted telemeters and by plethysmography in three inbred mouse strains: C57Bl/6J (B6), C3H/HeJ (HeJ), and C3H/HeOuJ (OuJ). Physiological responses were assessed during dual exposures to filtered air (FA), O3 (576 Ϯ 32 parts/billion), and/or carbon black (CB; 556 Ϯ 34 g/m 3 ). Exposures were repeated for 3 consecutive days. While each strain showed significant reductions in HR during CB with O3 preexposure (O3CB) on day 1, prominent HRV responses were observed in only HeJ and OuJ mice. Each strain also differed in their adaptation profile in response to repeated O3CB exposures. Whereas B6 mice showed rapid adaptation in HR after day 1, HeJ mice generally showed more moderate HR and HRV adaptation after day 2 of exposure. Unlike either B6 or HeJ strains, OuJ mice showed little evidence of HR or HRV adaptation to repeated O3CB exposure. Adaptation profiles between HR regulation and breathing characteristics were strongly correlated, but these associations also varied significantly among strains. These findings suggest that genetic factors determine the responsivity and adaptation of the cardiac and respiratory systems to repeated copollutant exposures. During O3CB exposure, adaptation of cardiac and respiratory systems is markedly synchronized, which may explain a potential mechanism for adverse effects of PM on heart function. air pollution; toll-like receptor 4; heart rate variability; cardiopulmonary regulation; echocardiography EPIDEMIOLOGY STUDIES SHOW associations between increased ambient levels of copollutants, including particulate matter (PM) and ozone (O 3 ), and adverse cardiac and pulmonary effects (3, 9, 14, 59 ). Several subpopulations have been identified by characteristics of susceptibility to adverse effects of ambient PM and O 3 . These subpopulations include, for example, the elderly (9, 16, 38) and individuals with antioxidant gene polymorphisms (10). Whereas susceptibility traits associated with pulmonary responses to single air pollutants, such as PM or O 3 , have been well described in human (2, 36, 41) and animal studies (27, 36) , the time course of cardiopulmonary interactions, particularly related to PM and O 3 as copollutants, have not been explored extensively (22, 25, 58) .
interactions, particularly related to PM and O 3 as copollutants, have not been explored extensively (22, 25, 58) .
In humans and rodents, the acute pulmonary response to O 3 has been characterized, for example, by decreases in lung function parameters, changes in breathing pattern, neutrophil influx, and oxidative stress. Many of the acute O 3 -induced pulmonary responses in humans show physiological adaptive changes following repeated exposures for several days (13, 19, 20, 41) . For example, O 3 -induced reductions in forced expiratory volume in 1 sec (FEV 1 ) gradually subside after 2-5 consecutive days of exposure, and this adaptation or loss of response can persist for 2 wk (28) . While the mechanisms behind this adaptation are not clear, adaptive responses in one physiological system may or may not be occurring in synchrony with other systems. As an illustration, the fall in FEV 1 induced by O 3 on day 1 returned to preexposure levels by day 3 of exposure, while the effects on small airway function were seen to increase progressively during the same period (20) . Therefore, these results suggest that adaptation of FEV 1 during repeated O 3 exposure is not entirely synchronized with changes in small-airway function. Similarly, in rodents, O 3 -induced changes in breathing pattern, epithelial integrity, lung inflammatory profiles, and biomarkers of oxidant injury are shown to adapt to preexposure levels (17, 42, 52, 54) ; however, these separate adaptive responses are rarely synchronized.
Although pulmonary responses to O 3 are well characterized, the cardiac responses to O 3 and the heart's ability to adapt to repeated exposure are largely unknown. Few studies have examined the adaptation in cardiac response to O 3 exposure, but these studies have been limited to rodents and have focused on simply heart rate (HR) changes (1, 58) . For example, acute O 3 exposure in rats induces HR depression, which dissipates after 2-4 days of repeated O 3 exposure (58) . While the mechanisms behind these O 3 -induced bradycardic responses are unclear, the gradual loss of HR depression with repeated exposure suggests that HR regulation can also adapt in a similar time frame as pulmonary responses. It is well established that the variation in breathing characteristics can influence HR regulation, as measured by assessing the beat-to-beat HR variability (HRV) (23, 55) .
In a previous study from our laboratory (25) , HR regulatory responses were evaluated before, during, and after a single exposure to carbon black (CB), with and without O 3 preexposure in three inbred mouse strains [i.e., C57Bl/6J (B6), C3H/ HeJ (HeJ) and C3H/HeOuJ (OuJ)]. The three strains were chosen to examine the role of the toll-like receptor 4 (TLR4) signaling pathway in O 3 -induced cardiac effects. Previous investigators have suggested that Tlr4 gene mutation in HeJ mice dramatically reduces O 3 -induced lung hyperpermeability and neutrophil influx, as observed in B6 and OuJ mice (27, 32) . The results from our previous study (25) showed differences among these same strains, but the variation was not consistent with a TLR4-dependent role in altering HR and HRV responses to sequential exposures to O 3 and CB. More specifically, while O 3 caused a drop in HR in each mouse strain, HRV parameters were increased in only the HeJ and OuJ strains. The current experiments use these same mouse strains to examine the role of TLR4 signaling pathway in the adaptive responses to repeated exposures to CB, with and without O 3 preexposure.
There are two principal objectives in the present study. First, we hypothesize that significant strain variation in the cardiopulmonary adaptation occurs during sequential exposure to O 3 and CB for 3 days. Second, we propose that the adaptation of the cardiac and respiratory systems is synchronized throughout repeated exposures to O 3 and CB. An additional corresponding objective is to test whether or not TLR4 mediates cardiorespiratory adaptive effects to these copollutants. The results of the present study suggest that there is considerable variation in acute responsivity and short-term adaptation among the three strains. Furthermore, there is considerable variation among strains in how the cardiac and respiratory systems are synchronized, which may better define differential susceptibility of these strains during repeated exposures to these copollutants.
METHODS
Animals. Male mice from three inbred strains, B6 (n ϭ 8), HeJ (n ϭ 5), and OuJ (n ϭ 6), were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were housed in an animal facility at the Johns Hopkins School of Public Health. The room was maintained at a temperature of 21 Ϯ 1°C (means Ϯ SE) and with a 12:12-h light-dark cycle. Regular rodent chow and tap water were provided ad libitum. All experiments were conducted with approval from the Animal Care and Use Committee at the Johns Hopkins University Medical Institutions.
Surgical procedure. The surgical procedure for transmitter implant (model TA10ETA-F20) and the radiotelemetry system (Data Sciences International, St. Paul, MN) used to measure core temperature (T CO) and to sample ECG recordings have been described elsewhere (49, 50) . In short, each animal was anesthetized intraperitoneally with a mixture of 10 mg/ml acepromazine and 100 mg/ml ketamine at a dose of 2 l/g body wt. Chest and abdominal fur were removed, betadine was applied to the exposed region of skin, and a sterile field was established surrounding the animal. The transmitter was inserted through a midline abdominal incision and sutured to the abdominal muscle. The negative ECG lead was guided through the muscle and directed subcutaneously to the right shoulder. The positive ECG lead, also guided through the muscle, was directed laterally and positioned ϳ1 cm below the rib cage, and both leads were sutured to the muscle tissue in a lead II position in traditional human ECGs. Surgery required ϳ30 min, and recovery from anesthesia occurred within 60 -90 min. Mice were allowed to recover from surgery for at least 2 wk before the start of data collection, which began at 18 -20 wk of age.
CB and O 3 exposure protocol and assessment. All mice were exposed in three different protocols. Mice were acclimatized to the exposure chambers for 1 day before any given exposure. Each exposure protocol lasted 3 consecutive days, and the sequence of exposure for each mouse occurred in the following order: 1) 2 h of FA followed by another 3 h of FA (FAFA); 2) 2 h of FA followed by 3 h of CB (FACB); and 3) 2 h of O 3 followed by 3 h of CB (O3CB). The first 2-h exposure consistently occurred between 0915 and 1115 and was followed by a second 3-h exposure occurring between 1300 and 1600. A 75-min recovery period was permitted between the two sequential exposures from 1115 to 1230 to allow for animal transfer between different exposure chambers (ϳ15 min) and animal reacclimation to the second chamber (ϳ60 min). The reacclimation period was sufficient to eliminate confounding effects of animal handling on interim HR and HRV data collection, which consistently occurred between 1230 and 1300. Figure 1 shows a flow diagram summarizing the timing of measurements obtained following the first exposure and immediately before (interim), during each hour of exposure, and immediately after (post) the 3-h exposure.
The first exposure to either O 3 or FA occurred in individual stainless steel chambers for 2 h. O3 was produced by an O3 generator using ultraviolet light (Orec, Phoenix, AZ) and monitored using a 1003-AH Dasibi monitor (Dasibi Environmental, Glendale, CA). The O 3 concentration for the 2-h exposure was 576 Ϯ 32 parts/billion. The second exposure to CB or FA was conducted in individual Plexiglas chambers for 3 h. The CB (Regal 660; density 1.95 g/cm 3 ; specific surface area 112 m 2 /g; empirical formula C910H34O10; composition 96.90% carbon, 1.42% oxygen, 0.30% hydrogen) was aerosolized by a Wright Dust Feeder (BGI, Waltham, MA). To assess exposure concentration, particles were collected on 25-mm-diameter glass fiber filters for gravimetric analysis using a Mettler Toledo microbalance (Mettler Toledo, Columbus, OH). Particles were also monitored with an Aerodynamic Particle Sizer (TSI, model 3320; Shoreview, MN) for mass median aerodynamic diameter and count median diameter assessments. The CB concentration for the 3-h exposure was 556 Ϯ 34 g/m 3 . The mass median aerodynamic diameter and count median diameter results from the particle sizer have been reported elsewhere (25) .
T CO, HR, and HRV measurements. The HR and HRV measurements obtained before, during, and after the second 3-h exposure were derived from 3-min ECG samples collected every 15 min using an Fig. 1 . Mice were exposed to 3 different weekly exposure protocols. Each daily exposure was repeated for 3 consecutive days, and the weekly order of protocols was standardized as follows: 1) 2 h of filtered air (FA) followed by 3 h of FA (FAFA); 2) 2 h of FA followed by 3 h of carbon black (CB) (FACB); and 3) 2 h of ozone (O3) followed by 3 h of CB (O3CB). The physiological parameters available at each stage of the protocol are also indicated. MB, morning before; MA, morning after; HR, heart rate; HRV, HR variability; V O2, O2 consumption; TCO, core temperature; RR, respiratory responses. online acquisition system (Data Sciences International, St. Paul, MN). Since the O 3 exposures were conducted using a large chamber designed for multiple-animal exposures, we were unable to capture responses inside the chamber. Each 3-min ECG sample was analyzed using a peak detect algorithm targeting consecutive R-waves [Advanced Data Instruments (ADI), Colorado Springs, CO]. The resulting tachograms (peak R-R interval vs. time) were examined individually to detect and correct errors in intervals associated with arrhythmias or missed peak detections due to motion or body position artifacts. Parameters in the time domain consisted of average HR, standard deviation of normal-to-normal intervals (SDNN) as a measure of total HRV, and the root mean square of successive differences between adjacent R-R intervals (rMSSD) as a measure of beat-to-beat HRV. The four individual hourly measurements were averaged to represent the HR and HRV responses for each time point during exposure. From the frequency domain, the low-frequency (LF) range was calculated as the area under each density curve from 0.2 to 1.5 Hz, and the high-frequency (HF) range was calculated between 1.5 and 5 Hz. The LF to HF ratio (LF/HF) of HRV was also calculated. There were no significant exposure or time effects among the strains in the LF/HF, and the results for the frequency domain parameters during daily exposures are not discussed further in this paper.
Measurements of HR and HRV parameters were also obtained on the morning before (MB) and morning after (MA) each daily exposure protocol for 3 days. The morning measurements were consistently sampled during the period between 0730 and 0900. Individual measurements on each consecutive morning represent the average of five data samples collected during each 90-min period. Comparisons between MA and MB measurements were used to assess whether or not prolonged cardiac effects were evident following each daily exposure. Likewise, each 3-day exposure in the protocol sequence was separated by a 10-day recovery period, during which assessments of the 24-h circadian pattern in HR and T CO were made of each animal. These weekly measurements were used to determine whether or not there were longer term residual effects of surgery or cumulative effects of repeated exposure protocols. The procedures to assess circadian pattern in mice have been described elsewhere (49, 50) . Individual circadian pattern characteristics were summarized by determining the mean, minimum, and maximum values for HR and TCO from each average 24-h cycle before and after each exposure protocol.
Breathing characteristics. The magnitude and pattern of breathing were assessed by whole body plethysmography under unanesthetized and unrestrained conditions. At constant chamber volume, changes in pressure due to fluctuations in temperature during inspiration and expiration were measured using a differential pressure transducer (model 8510B-2; Endevco, San Juan Capistrano, CA). Data were transmitted from the pressure transducer to a PowerLab 4 dataacquisition system (ADI Instruments, Colorado Springs, CO), and the output was analyzed with Chart software (ADI Instruments). A 60-s sample of recorded breathing obtained simultaneously with each ECG sample was used to derive the average respiratory rate (RR) and tidal volume (VT). The pressure transducer was calibrated on a daily basis using a microsyringe. The amplitude of the pressure wave was transformed into VT after adjusting for differences between body temperature (as measured by the implant) and ambient temperature (i.e., maintained at 22°C). Minute ventilation was computed as the product of RR and VT.
Oxygen consumption assessment. Oxygen consumption (V O2) was repeatedly measured on consecutive MB and MA following each daily exposure protocol for 3 days using an indirect open-circuit calorimetric system (Oxymax Deluxe; Columbus Instruments, Columbus, OH) inline with 200-ml cylindrical Plexiglas chambers. Unhumidified compressed air was delivered through the chamber under the control of a calibrated flow meter. The flow was adjusted to maintain a small difference between chamber inflow (21% O2 in N2) and outflow O2 concentrations. The airflow out of the chamber was dried by a column of anhydrous CaSO 4 and was sampled for 30 s for fractional concentrations of O2 using a limited-diffusion oxygen sensor (Columbus Instruments). Sensor output was captured by dataacquisition software (Oxymax version 5.3; Columbus Instruments) and recorded by computer. Gas analyzer calibrations were conducted before each experiment using standardized gas mixtures (Puritan Bennett, Linthicum Heights, MD). Reference air measurements were obtained intermittently to correct for sensor drift. The V O2 data were normalized to standard temperature, pressure, and dry conditions, and expressed as a function of body weight. The measurement of O 2 pulse was derived as the ratio of V O2 to HR and is an indicator of cardiac stroke volume, as detailed elsewhere (25) .
Echocardiography measurements. To further test the variable effects of CB and O 3 on cardiac function, echocardiography was performed on a separate set of mice from each strain (n ϭ 4 mice/strain) using a Sequoia C256 (Siemens, Mountain View, CA) with the 15-MHz linear-array transducer. Each mouse heart was first imaged in a two-dimensional mode using the parasternal short-axis view at a sweep speed of 200 mm/s and a depth of 20 mm. From this view, an M-mode cursor was positioned perpendicular to the interventricular septum, and the left ventricular (LV) posterior wall thicknesses and chamber dimensions were measured. Three to five sample recordings were obtained from each mouse before (preexposure) and again following 3-day exposures to FA, CB, or O 3 (postexposure) at concentration levels described above. The same research technologist trained in cardiac echocardiography was devoted to performing the quantification of each image. The technologist was blinded to the experimental groups, and the data were retrieved from sample recordings and averaged for each measurement. The LV end-diastolic diameter (LVEDD) and LV end-systolic diameter (LVESD) were used to derive fractional shortening (FS) as shown by the following equation:
Data analysis. In general, data were collected every 15 min during each 3-h exposure and averaged on an hourly basis. The results reported in Figs. 3-9 and Tables 1-3 are means Ϯ SE. For results obtained before, during, and after the second 3-h exposure to either CB or FA, a two-factor ANOVA adjusted for repeated measures was used to evaluate the effects of time and exposure for each strain. A two-factor ANOVA adjusted for repeated measures was also used to evaluate results obtained on consecutive mornings before and after daily exposures. Significant mean comparisons were determined using the Bonferroni test at an ␣-level of P Ͻ 0.05.
During each repeated 3-day exposure, physiological adaptation of the cardiac and respiratory systems was operationally defined for each animal in two ways. First, the interim response between the sequential exposures was used to evaluate daily responsivity of each animal to the first 2-h exposure of either O 3 or FA. Second, the slope of each response as a function of time during the second 3-h exposure to either CB or FA was used to quantify the direction and rate of change (i.e., return to FAFA conditions) of each animal. This strategy originated from a previous study (25) , which examined the percent changes in HRV parameters for FACB and O 3CB relative to FAFA exposure on day 1. In the present study, we reexamine the results on day 1 for the same groups of mice in accordance with 3 successive days of exposure. Figure 2 illustrates this daily assessment strategy to define cardiac and respiratory adaptation during each 3-day exposure treatment. The Wald-Wolfowitz test was used to determine whether or not linear regression was suitable to evaluate the slope of each individual response curve. This test was performed on all animals throughout each daily exposure-response curve and did not return any significant results, suggesting that each response curve conformed to a linear model. Moreover, the interim values were highly correlated (r value Ͼ 0.90) with the response curve intercept values, supporting the use of the linear regression to determine the slope of each response. Subsequently, response curves within each strain were statistically analyzed for significant interaction between exposure and time effects using an F statistic with P values Ͻ 0.05. A significant interaction for interim values indicated that an adaptive effect occurred immediately following O 3 or FA exposure. A significant interaction in the slope of the response curve during the CB or FA exposure indicated that the derivative of the response as a function of time progressed differently between exposures.
General associations between cardiac and respiratory parameters were also analyzed using linear regression models. In this analysis, simultaneous measurements of HR, SDNN, and rMSSD were correlated with either RR or VT values to assess the level of covariance within each strain for each of the exposure protocols. Each data set was analyzed to determine a Pearson's correlation coefficient (). To further emphasize the significance of associations between changes in breathing pattern and altered HR regulation, an F-test was performed to detect differences between linear regression coefficients (␤) of each exposure. A P value Ͻ 0.05 was considered significant for both correlation and linear regression coefficients.
RESULTS

Body weight and circadian pattern characteristics.
In addition to daily measurements of body weight, homeostatic stability following surgery and repeated exposures was assessed using weekly measurements of circadian pattern during a 48-h period across intermittent weekends between exposure protocols. The results were summarized by computing the mean, minimum, and maximum for T CO and HR and were reported elsewhere (25) . Briefly, there was a significant strain effect on body weight, but there were no detectable effects related to time or exposure. Likewise, significant variation existed among the strains in a small number of circadian pattern characteristics, but there were no detectable differences with respect to exposure or time effects. These findings suggest that there were no long-term effects of surgery or repeated exposure involving the overall homeostatic stability in these animals.
In general, each mouse became acclimated to the exposure chamber within a 30-min period after preexposure to O 3 or FA.
Following both the initial 2-h FA exposure and the acclimation period, there were no detectable differences in the HR and HRV measurement component of the FACB and FAFA exposures. Moreover, the HR and HRV values during FAFA exposure were similar to the identical time period during which mice were monitored for circadian measurements as sampled from their home cages in the housing facility (25) . These data suggest that each animal was acclimated to the exposure chambers before CB or FA exposure commenced.
Morning responses before and after exposure. In general, SDNN and rMSSD were significantly (P Ͻ 0.01) higher in B6 mice than the other two strains on the morning before each exposure (Table 1) . Likewise, T CO was consistently (P Ͻ 0.01) lower in C3 mice than the other two strains on mornings before exposure. However, there were no detectable differences with respect to HR, HRV parameters, or T CO on the mornings before or after any of the exposure protocols within any of the three strains. While there was no significant variation between MA and MB in V O 2 responses, there was a significant (P Ͻ 0.05) interactive effect of strain on O 2 pulse following exposure. More specifically, the O 2 pulse at MA following FACB and O 3 CB exposures were significantly (P Ͻ 0.05) greater relative to FAFA exposure in B6 mice.
HR during exposure. Within each of the three strains, there were no detectable differences in the HR responses (interim or slopes) between FACB and FAFA exposures (Fig. 3) . In contrast, there were significant interactions {F-statistic [degrees of freedom (df) ϭ 4] ϭ 4.5 and 3.7 for B6 and HeJ, respectively, P Ͻ 0.01} between exposure and time effects in B6 and HeJ mice with respect to O 3 CB exposure. That is, the interim HR responses during O 3 CB exposure were significantly lower compared with FAFA exposure in B6 and HeJ mice on days 1 and 2, but not day 3. Unlike the two other strains, OuJ mice maintained a significantly (P Ͻ 0.001) lower interim HR response relative to FAFA on all three O 3 CB exposure days. Hence, B6 and HeJ showed changes in HR responsivity to O 3 CB exposure, and the time course was consistent with adaptation by day 3. The same responsivity was noted in OuJ mice, but there was no apparent adaptation in the HR response in this strain.
In Fig. 3B , the average HR response slope associated with each daily 3-h exposure to CB or FA is shown. In general, the initial slope of the HR response was negative for FAFA and FACB on day 1 in each of the three strains, suggesting that HR generally began at a higher level and fell to a lower HR by the end of the 3-h exposure. With a slope approaching zero by day 3, changes in HR were eliminated during FAFA or FACB exposure among the strains, suggesting that HR adapted to the stress of animal handling and chamber acclimation. To the contrary, the initial slope of HR for O 3 CB on day 1 was positive in each strain, suggesting that HR began at a lower level after preexposure to O 3 and increased by the end of the 3-h exposure to CB. In B6 and HeJ mice, there were significant (P Ͻ 0.001) differences between O 3 CB and FAFA on days 1 and 2, suggesting that an adaptive change in HR during O 3 CB exposure occurred by day 3. In OuJ mice, the slope of the HR response was significantly (P Ͻ 0.001) different between O 3 CB and FAFA exposures on all 3 days, suggesting that there was no adaptation in this strain to the 3-h O 3 CB exposure.
HRV during exposure. There were no detectable differences in the interim responses or the slopes of SDNN and rMSSD responses between FACB and FAFA exposures among the three strains (Figs. 4 and 5) . In B6 mice during O 3 CB exposure, however, there were significant differences (P Ͻ 0.05) in interim responses for SDNN and rMSSD, and a significant (P Ͻ 0.05) deviation in the slope of the rMSSD response on day 1. There were no detectable differences in SDNN and rMSSD responses observed in B6 mice on days 2 and 3, and there were no significant interactions between exposure and time effects with respect to either SDNN or rMSSD responses.
In contrast to B6 mice, the same O 3 CB exposure produced considerable increases in SDNN and rMSSD responses in both HeJ and OuJ strains. The average interim SDNN response in the HeJ strain was threefold higher with O 3 CB compared with FAFA exposure on day 1. In addition, there was no detectable SDNN response difference between the same exposures on day 3. That is, there were significant interactions [F-statistic (df ϭ 4) ϭ 4.2 and 4.4 for SDNN and rMSSD, respectively, P Ͻ 0.01] between exposure and time effects for HRV parameters in HeJ mice, suggesting that this strain shows dramatic responsivity and adaptation with respect to HR regulation during O 3 CB exposure. A similar adaptive phenotype for HeJ mice was observed with respect to the slopes of both the SDNN and rMSSD responses during daily 3-h exposures.
While OuJ mice also showed a threefold higher interim SDNN response on day 1 similar to HeJ mice, the SDNN response remained significantly (P Ͻ 0.01) elevated during O 3 CB compared with FAFA exposure on day 3, suggesting that there was no adaptation in OuJ mice. The absence of an adaptive phenotype was also noted for the slope of the SDNN response during daily 3-h exposures. Comparable responses were noted with respect to rMSSD, except for the interim rMSSD response difference between O 3 CB and FAFA exposures on day 3. The lack of interaction between time and exposure effects for SDNN and rMSSD responses further suggested a poor adaptation in HR regulation for OuJ mice.
Breathing characteristics during exposure. There were no differences in the interim responses or the slopes of RR and VT responses detected between FACB and FAFA exposures among the three strains (Figs. 6 and 7 ). There were also no detectable differences in RR responses between O 3 CB and FAFA exposures for B6 mice. In contrast, marked changes in RR responses occurred in both HeJ and OuJ with O 3 CB exposure. In HeJ mice, interim RR responses were significantly (P Ͻ 0.001) higher only on days 1 and 2 of O 3 CB exposure. Likewise, there were significantly (P Ͻ 0.01) higher interim RR responses in OuJ mice, but the time course was shifted to differences occurring on days 2 and 3. Also, the RR response slope was significantly (P Ͻ 0.01) lower on day 1 in HeJ mice. There were no consistent changes among the strains with respect to VT responses, except for a significant (P Ͻ 0.05) difference between FACB and FAFA exposures on day 2 for OuJ mice.
T CO during exposure. Within each of the three strains, there were no detectable differences in the T CO responses (interim or slopes) between FACB and FAFA exposures (Fig. 8) . In general, notable changes in T CO responses were apparent in association with O 3 CB compared with FAFA exposure among the three strains; however, there was considerable strain vari- responses are seen in HeJ mice, whereby significant (P Ͻ 0.05) changes in T CO response occurred only on day 2, but not days 1 and 3. This response pattern for HeJ mice suggested that a delayed responsivity occurred with rapid adaptation in T CO . Table 2 summarizes the detectable differences specifically related to the CB exposure with O 3 preexposure. In general, B6 mice were mildly responsive compared with the other two strains but for the interim responses for HR and T CO . The significant interactions between time and exposure for HR and T CO indicated that physiological adaptation for B6 mice was reached within 2-3 exposure days. In contrast to B6 mice, C3 mice were highly responsive to O 3 CB exposure with respect to HR, HRV parameters, and RR responses. The significant interactions between time and exposure effects observed in the HR and HRV parameters indicated that adaptation specific to HR regulation was apparent within 2-3 exposure days. Although there was similar responsivity between OuJ and HeJ mice for HR and HRV parameters, there was no detectable evidence of adaptation during the 3-day O 3 CB exposure in OuJ mice. The significant exposure and time interactions noted for OuJ mice were attributable to delayed RR and T CO responsivity to O 3 CB exposure.
Correlation and linear regression coefficients for the associations between HR regulation and breathing characteristics are reported in Table 3 . During FAFA exposure, HR was significantly correlated with RR to varying degrees among the strains; that is, B6 mice showed the weakest (r ϭ 0.18, P Ͻ 0.05) and OuJ mice showed the strongest (r ϭ 0.42, P Ͻ 0.01) correlation coefficients. Nevertheless, the associations between HR and RR were positive for each strain. In B6 and OuJ mice, HRV parameters were also significantly correlated with RR during FAFA exposure. Likewise, HR was positively correlated (P Ͻ 0.01) with VT in B6 and OuJ mice during FAFA exposure. Similar positive correlations (P Ͻ 0.01) between HR and both breathing characteristics were noted during FACB exposure in OuJ mice, but were absent in the other two strains. It was noteworthy that the robust association between HR and VT seen in B6 mice with FAFA was lost during FACB exposure, as suggested by a significantly (P Ͻ 0.01) reduced linear regression coefficient.
Simultaneous HR and HRV responses were also correlated with either RR or VT responses at varying degrees among the strains during O 3 CB exposure. In B6 mice, HR and HRV parameters were significantly (P Ͻ 0.01) correlated with VT, but not RR. In contrast to B6 mice, HR and HRV parameters during O 3 CB exposure were significantly (P Ͻ 0.01) correlated with RR in HeJ mice. In OuJ mice, HRV parameters are strongly correlated (P Ͻ 0.01) with both RR and VT. While robust coupling between HR regulation and altered breathing characteristics was evident among the strains during O 3 CB exposure, significant (P Ͻ 0.01) changes in linear regression coefficients support the notable changes in directionality. For example, the robust positive association between HR and VT in both B6 and OuJ mice observed during FAFA was significantly (P Ͻ 0.01) reversed during O 3 CB exposure. Likewise, similar positive associations between HR and RR seen in HeJ and OuJ mice during FAFA were significantly (P Ͻ 0.01) different from the robust negative associations during O 3 CB exposure.
Echocardiography responses. As shown in Fig. 9 , the percent change in FS relative to FA responses was significantly (P Ͻ 0.05) reduced following the 3-day exposure to CB in both 
The interim responses and the slopes of the response curves are reported for the O3CB vs. FAFA exposure by day and physiological parameter for the 3 mouse strains. VT, tidal volume; V E, minute ventilation; 2 or 1, P Ͻ 0.05; 22or 11, P Ͻ 0.01; 222 or 111, P Ͻ 0.001; NS, not significant; ϩ, interaction; Ϫ, no interaction. B6 and HeJ mice. A similar comparison from pre-to post-CB exposure in OuJ mice was not statistically significant (P Ͼ 0.05). Furthermore, no detectable changes in FS were observed among the strains following the 3-day exposure to O 3 .
DISCUSSION
The current study demonstrated considerable interstrain variation in cardiac and respiratory adaptive responses to O 3 CB and FACB compared with FAFA exposure. In general, the cardiac and respiratory responses to O 3 CB exposure were more markedly different than FAFA relative to differences with FACB exposure, suggesting that O 3 preexposure was effective in creating sensitivity to CB. The interstrain response variation to these copollutant exposures was primarily shown in three ways: the magnitude of the initial physiological response, the ability to demonstrate adaptation to repeated exposures, and the integration of physiological systems involved in this response. For example, while all mouse strains exhibited bradycardia following O 3 preexposure, the HeJ and OuJ mice displayed considerably greater increases in HRV parameters. That is, the initial O 3 -induced HR depression (i.e., interim response) amounted to a decline of 230 -270 beats/min in all strains (Fig. 3) , which was indicative of O 3 -induced HR responsivity. To the contrary, the initial O 3 -induced HRV responsivity for HeJ and OuJ mice was three to four times greater compared with B6 mice. Therefore, B6 mice were mildly responsive relative to the other strains with respect to broader characteristics of HR regulation. Similar observations were seen regarding O 3 -induced RR responsivity, where B6 mice were essentially unresponsive, especially compared with the dramatic RR increases seen in HeJ mice. In the few cases where cardiac or respiratory responses were evident in B6 mice, these responses were rapid to adapt within 1-2 days of repeated O 3 CB exposures. Although HeJ mice showed moderately rapid and widespread adaptive responses during the 3-day O 3 CB exposure period, OuJ mice showed little to no physiological adaptation during the same period. The collective findings suggest that complex gene-environment interactions play modulatory roles in responsivity and adaptation of the cardiopulmonary system during air pollution exposure. More importantly, these findings may also help explain interindividual susceptibility to adverse health effects of air pollution.
Another objective of the present study was to explore the extent of integration between the cardiac and respiratory responses during inhaled air pollutant exposure. Whereas robust correlations between cardiac and respiratory measurements were observed among the different exposure protocols, HR and HRV results were not consistently associated with the RR and VT responses among the strains (Table 3) . For example, B6 mice showed significant correlations between RR and HR regulatory measurements during FAFA exposure, which were essentially eliminated during O 3 CB exposure. Instead, correlations between VT and HR measurements emerged as significant in B6 mice during O 3 CB exposure. In contrast to B6 mice, HeJ and OuJ mice showed robust correlations between RR and HR regulatory measurements during the same 3-day O 3 CB exposure. While similar correlations between VT and HR regulatory measurements were seen during the FAFA and O 3 CB exposures in OuJ mice, there were no apparent HR associations with VT observed in HeJ mice in any exposure protocol. Overall, the correlation results suggest that there is considerable strain variation with respect to the integration of the cardiac and respiratory systems. That is, ϳ6 -15% of the variability in HR regulatory responses is attributable to changes in breathing for B6 mice, while as much as 42% of the variability in HR regulation is due to changes in breathing of OuJ mice. These findings further suggest that interindividual susceptibility to adverse cardiac effects of air pollution may be also dependent on the degree of integration of the cardiac and respiratory systems.
Several studies have suggested that O 3 -induced lung inflammation is an important mechanism for cardiopulmonary interactions following exposure (4, 7, 8) . The present study was designed to examine this hypothesis using a well established animal model consisting of O 3 -resistant (HeJ) vs. O 3 -susceptible mice (B6 and OuJ); that is, terminology based on strain differential lung inflammatory and hyperpermeability responses induced by O 3 exposure (32, 33) . From a series of mechanistic studies (12, 31) , the prevailing hypothesis suggests that a mutation in the Tlr4 gene confers O 3 resistance in HeJ mice. The primary results from the present study are not concordant with strain variation in O 3 -induced lung phenotypes observed in previous studies. Therefore, the strain variation in responsitivity and adaptation in cardiac and respiratory responses to O 3 exposure does not appear to be associated with the Tlr4 gene mutation. As a corollary, the same pattern of cardiac and respiratory responsivity and adaptation seen here is dissociated from the strain variation in O 3 -induced lung inflammation and hyperpermeablity. Studies in humans and animal models showing dissociation between O 3 -induced lung function and inflammation support our findings (2, 6, 21, 30, 52) . One exception may be related to the interim T CO response, where both B6 and OuJ mice appear to show prolonged O 3 -induced hypothermic effects relative to the modest effect seen in HeJ mice. Elevated cytokine profiles have been linked to hypothermic effects in mice, especially tumor necrosis factor-␣, which is known for its cryogenic effects (34) . One explanation for the absence of exaggerated O 3 -induced T CO effects on HeJ mice in the current study may be related to the Tlr4 gene mutation.
The mechanisms behind the physiological adaptation of the respiratory system to O 3 exposure remain unclear. In the present study, RR was consistently elevated in HeJ and OuJ mice throughout the 3-day O 3 CB exposure; however, HeJ mice showed increased RR on days 1 and 2, whereas OuJ mice showed a similar response on days 2 and 3 (Fig. 6) . Therefore, by day 3, the RR response to O 3 exposure in HeJ mice showed adaptation, which was not apparent in OuJ mice. Several previous studies have shown similar adaptation with respect to O 3 -induced rapid breathing in other animal models (40, 42, 52, 56) . Vesely and colleagues (56) showed that the O 3 -induced rapid breathing response was eliminated in rats depleted of pulmonary C-fibers by neonatal capsaicin administration. Similar findings resulted in O 3 -exposed rats with perineural capsaicin administration of the vagus nerve, which selectively blocks C-fiber activity (40) . In the present study, the adaptation of RR responses during O 3 CB exposure is strongly correlated with HR and HRV responses in both HeJ and OuJ mice ( Table  3) . The correlation and linear regression coefficients for the association between RR and HR were negative during O 3 CB exposure, which was significantly different and in opposition to the same association during FAFA exposure. Therefore, one potential mechanism to explain the O 3 -induced responsivity and adaptation of HR and HRV responses seen in HeJ mice is the initial activation of pulmonary C-fibers, leading to a rise in RR and subsequent vagal stimulation of the heart. Although possible mechanisms involving pulmonary C-fiber-mediated vagal stimulation of the heart may be operational in this study, there are more likely alternative interactions (37, 53, 57) coupling HR regulation with changes in breathing characteristics. These potential mechanisms require future study.
With respect to the present air pollution study, complex cardiopulmonary mechanisms are likely the basis for significant strain variation during O 3 CB exposure. For example, B6 mice showed reduced HR and mildly elevated HRV parameters in association with changes in only VT. Alternatively, HeJ mice showed reduced HR and dramatically elevated HRV in moderate associations with RR. Similar HR regulatory responses were seen between OuJ and HeJ mice, but the coupling of these responses to breathing characteristics were much more robust in OuJ mice. In addition, the modestly elevated HRV responses in B6 mice were transient, lasting briefly on day 1 and rapidly adapting by day 2. In this particular case, strain variation in the balance between sympathetic and parasympathetic input may play a role during O 3 CB exposure. Using a similar CB protocol without O 3 preexposure, a previous study (47) in our laboratory showed that sympathetic blockade with propranolol increased HR in B6 mice compared with the same response during FA exposure. This finding suggested that parasympathetic withdrawal during CB exposure may have been regulating HR in B6 mice. Therefore, given the current findings, O 3 preexposure may stimulate vagal input to the heart, whereas CB exposure counters this input by parasympathetic withdrawal, particularly in B6 mice. Whether or not the strong association between changes in VT and HR regulatory mechanisms is important, the balance between sympathetic and parasympathetic input in B6 mice requires further study.
Oxidative stress is the hallmark of O 3 exposure leading to lung injury, even at low doses near those used in the present study (11, 17, 26, 61) . In humans, association studies (5, 10, 39) have shown effects of antioxidant gene polymorphisms on O 3 -induced lung functional changes similar to the role that Tlr4 gene polymorphisms play in O 3 -induced lung injury in mice. There is also evidence suggesting that acute PM exposure may also lead to the formation of reactive oxygen species (ROS) in the lung (35, 51) , vasculature (15, 44 -46) , and heart (48) . Although oxidant stress may be common to O 3 and PM exposure with respect to the effects on the cardiopulmonary system, the mechanisms by which oxidant species are gener-ated will likely differ dramatically between the two pollutants. Given previous results in our laboratory (48) linking CBinduced ROS generation to reduced myocardial function using echocardiography, we tested each strain for differential effects between O 3 and PM exposure (Fig. 9) . Using relative changes in FS to indicate altered myocardial contractility, the results showed that a 3-day CB exposure led to significantly reduced FS in only B6 and HeJ mice. That is, similar FS changes were not observed in OuJ mice and were not seen following a 3-day O 3 exposure. While these results demonstrate unique cardiac effects between the two pollutants, as well as strain variability, the CB-induced FS results in B6 and HeJ mimic similar results previously described (48) . In that study, we proposed that PM exposure causes ROS generation by unique mechanism of uncoupling nitric oxide synthase in cardiac myocytes, which leads to impaired cardiac contractile function. Whether or not a similar mechanism or other sources of ROS production play a role in altering the autonomic control of the heart in the present study is unclear. However, Chuang and colleagues (14) have recently shown that urban air pollution exposure consisting of gaseous and particulate pollutants together induce markers of oxidative stress in association with altered HR regulation and other blood-born factors in healthy human volunteers. Furthermore, whether a similar mechanism is involved in O 3 -induced changes in HR regulation is also unclear, but warrants future study.
The results of the present study surrounding strain variation in responsitivity and adaptation of HR regulation are potentially dependent on the exposure levels of O 3 and CB. The concentration and duration of O 3 exposure (ϳ0.6 parts/ million for 2 h/day) used in the present study is comparatively moderate (17, 60) . Using 2 parts/million O 3 for 3 h, Slade and colleagues (43) suggested that the O 3 uptake was greater in the trachea and lung of B6 mice compared with HeJ mice. While there is also considerable variability in O 3 uptake in human volunteers, the uptake level approximates 75% during quiet breathing. Weister and coworkers (60) also showed that O 3 uptake in rats was on the order of 40 -47%, which is a considerably lower dose compared with human exposures. Therefore, the parameters for O 3 exposure in the present study represent levels faced during extreme air pollution episodes. Likewise, the CB levels in terms of the PM concentrations used here (ϳ550 g/m 3 ) correspond to the upper limits of real-world human exposure levels. Throughout the US, exceedances in PM are rare and episodic; however, other industrial nations (24) show PM concentrations frequently exceeding the current US standards by two-to threefold. The present results may be more applicable to these episodic cases.
A real strength of the experimental design is the use of each animal as its own control. This experimental approach was particularly economical in terms of reducing the number of animals and recycling the implanted telemeters. A potential shortfall of this design was related to the fixed order of exposures. Thus, secondary effects in the latter exposures may have occurred from earlier exposures in the sequence. That is, it is possible that prior exposures to CB may have acted to prime subsequent O 3 exposures. In support of the present experimental design, Jakab and Hemenway (29) did not observe a sequential effect of CB on O 3 -induced immune responses. Likewise, Elder and coworkers (18) demonstrated modifications to upper and lower respiratory tract histology and altered cell distribution only at CB concentrations and durations (50 mg/m 3 for 13 wk) greatly above exposure conditions (ϳ0.6 mg/m 3 for 3 days) used in the present study. Despite the potential limitations of the present study, the simultaneous measurements of HR regulation and breathing characteristics represent a unique strength of the experimental design.
Perspectives and significance. Our findings support the postulate that there is considerable strain variation in the initial responsivity to sequential O 3 and CB exposure. In addition, the time course of adaptation in HR regulation was also strain dependent. The strain variation in altered cardiac function and the ensuing adaptation associated with O 3 and CB exposures may be somewhat attributable to the diversity in breathing characteristics among the strains. Brook and colleagues (8) suggested that the time course of cardiopulmonary effects of air pollution exposure may be related to the mechanisms associated with direct vs. indirect effects. The impact of direct vs. indirect effects may apply to the present findings, where early characteristics of responsivity are associated with neural reflex modifications in HR regulation, which may be modulated by changes in breathing. With adaptation, a variety of indirect effects emerge to counter lung inflammation and oxidative stress, leaving the heart somewhat dissociated from ongoing lung injury. Finally, the current findings point to considerable interstrain variation in the integrated responses to O 3 and CB across the cardiac and respiratory systems. This interstrain variation reflects evidence showing interindividual susceptibility to air pollutants among human responses (14) . The ability to adapt in the face of air pollutant exposures may be a mechanism that spares certain individuals or predisposes the elderly to cardiopulmonary disease as part of adverse air pollution health outcomes.
